The ocean dominates the planetary heat budget and takes thousands of years to equilibrate to perturbed surface conditions, yet those long time scales are poorly understood. Here we analyze the ocean response over a range of forcing levels and time scales in a climate model of intermediate complexity and in the CMIP5 model suite. We show that on century to millennia time scales the response time scales, regions of anomalous ocean heat storage, and global thermal expansion depend nonlinearly on the forcing level and surface warming. As a consequence, it is problematic to deduce long-term from short-term heat uptake or scale the heat uptake patterns between scenarios. These results also question simple methods to estimate long-term sea level rise from surface temperatures, and the use of deep sea proxies to represent surface temperature changes in past climate.
Centennial Scale Ocean Heat Uptake in CMIP5 Models
Thermal expansion of ocean waters due to heat uptake from the atmosphere is a large contributor to recent and near-future sea level rise [Church et al., 2011 [Church et al., , 2013 Levermann et al., 2013] . General circulation models (GCM) differ in the amplitude of simulated thermal expansion due to different base states, the total amount and vertical extent of the heat uptake, heat redistribution, and differences in the representation of vertical heat transport processes, advection, isopycnal, and diapycnal mixing [Gregory, 2000; Kuhlbrodt and Gregory, 2012; Hallberg et al., 2012; Church et al., 2013; Exarchou et al., 2014; Melet and Meyssignac, 2015; Liang et al., 2015] . Figures 1a-1c show zonal averaged ocean temperature anomaly patterns at the end of the century for three different scenarios simulated by the Coupled Model Intercomparison Project Phase 5 (CMIP5) models. Of the ocean heat uptake, 95-97% is confined to the upper kilometer, although locally, deep ocean heat uptake can contribute a large fraction of the total amplitude already decades after the perturbation [Kuhlbrodt and Gregory, 2012; Marshall et al., 2014] . The standard deviation between the models increases with the forcing level and in Southern and Northern hemispheric high latitudes, but is generally smaller in magnitude than the mean signal shown in Figure 1 , see also Figures S1-S3 in the supporting information, [Yin, 2012; Sallée et al., 2013; Heuzé et al., 2015] . Figures 1d -1f demonstrate that locally, pattern scaling between the different scenarios is not possible with high accuracy [Bilbao et al., 2015] . If the ocean warming pattern would respond linearly to the surface forcing the differences between the scaled scenarios in the upper row should be zero. However, the lower forced scenario takes up relatively more heat into the Southern Ocean and to low latitude intermediate depth of around 500-2000 m (Figure 1d ) than the intermediate and higher forced scenarios (Figure 1f ). In the surface ocean higher forcing leads to relatively more heat uptake (see also Figure S1 in the supporting information for a zoom into the upper ocean). The near-future sea level rise has been studied extensively but is also known to be a poor indicator of centennial, millennial, or equilibrated conditions [e.g., Stouffer and Manabe, 2003; Li et al., 2013] , but only very few GCMs have been run over millennia due to computational cost. Here we explore the centennial to millennia patterns of ocean warming and their dependence on time and on forcing levels. We show that long-term thermal expansion is not proportional to surface warming. Deduction of one time frame frame or forcing scenario to another is limited, not only for the transient response as shown for the CMIP5 models but also for equilibrated conditions. Zonal mean ocean temperature anomaly averaged over year 2081 to 2100 and normalized with the average ocean temperature of (a) Representative Concentration Pathways (RCP) 2.6, (b) RCP4.5, and (c) RCP8.5 of 14 CMIP5 models, described in Collins et al. [2013, Figure 12.12] . Differences between (d) RCP2.6, (e) RCP4.5, (f ) RCP8.5, and the mean of the three RCPs. The color scale is not linear (around 0 and above 0.5). See Figures S1-S3 in the supporting information for more details on each model. a 3 ∘ × 3 ∘ horizontal resolution, and a thermodynamic-dynamic sea ice model (Goosse and Fichefet [1999] , and more details on the model formulation in the supporting information). The atmospheric model solves the quasi-geostrophic equations on a spectral grid with three vertical levels and a horizontal resolution of 5.6 ∘ × 5.6 ∘ , parameterizations of diabatic heating and surface heat fluxes, and prescribed seasonal varying cloud cover [Opsteegh et al., 2011] . This results in a low Equilibrium Climate Sensitivity (ECS) of 1.7 K (see also Friedrich et al. [2010] , Levermann et al. [2013] , Eby et al. [2013] , and Church et al. [2013] , and references therein). Given the limitations of the model, we emphasize that we aim at insight and not prediction. We will interpret the scenarios relative to each other, rather than their absolute values compared to other models with the same forcing. The advantage of the model is that large ensembles of hundreds of members and simulations of 10,000 years are possible, a range unfeasible with a full general circulation model.
We conduct a range of step forcing experiments, each consisting-roughly according to the ratio of anomaly signal to internal variability noise-of several initial condition ensemble members: 1.07 times preindustrial CO 2 concentrations of 280 ppm (90 members), 1.4xCO 2 (90 members), 2xCO 2 (50 members), 4xCO 2 (20 members), 8xCO 2 (20 members), and 16xCO 2 (10 members), each 1000 years long. The forcing levels are chosen to simulate roughly no change in circulation for the very low forced cases to an initially strongly stratified response and large heat uptake for the high forced cases. One member of each forcing level is further integrated to 10,000 years. We show anomalies of these simulations with 1000 or 10,000 year long control simulations (no CO 2 change, 94 initial condition ensemble members). Thus, each ensemble member's anomaly is determined with a slightly different control simulation. The temperature of the control simulations shows no drift, but the salinity shows both a small linear control run drift (globally 0.05 kg m −3 per 10,000 yrs) and a smaller forcing level dependent drift, due to the handling of the sea ice. Both drifts are accounted for by scaling the salinity pattern at each time step, location, and forcing level with the drift, so that the global mean salinity is constant at all times, but allowed to change its spatial pattern.
Equilibration of Ocean Heat Uptake and Circulation Changes
Figures 2a-2d show-analogous to Figure 1 -the equilibrium zonally averaged ocean temperature anomalies normalized with the equilibrium global ocean temperature for four representative scenarios in color, and the unscaled changes in salinity in grey contours. The temperature anomaly is not distributed homogeneously even though the global ocean temperature is in equilibrium with the surface. This agrees with models showing gradients of several degrees [Gillett et al., 2011 and Knutti, 2002] but disagrees with the rather homogeneous warming patterns of Stouffer and Manabe [2003] and Li et al. [2013] , in which the vertical gradient of temperature is less than 1.5 K. Contrary to the transient pattern analyses of Kuhlbrodt and Gregory [2012] and Melet and Meyssignac [2015] , the equilibrated simulations do not scale with their global temperature especially in the Southern Ocean, which is widely recognized to be important in shaping the transient and equilibrium global heat uptake [e.g., Schneider and Thompson, 1981; Manabe and Stouffer, 1994; Bi et al., 2001; Bryan et al., 2006] . The Northern Hemisphere high latitudes become relatively more important in lower forced scenarios, as suggested also in Figures 1d-1f . Salinity and temperature anomalies roughly follow the same pattern but impact the density in opposite ways through the equation of state. In regions with increased warming, the salinity anomaly is positive, thus compensating the change in density due to the increased heat In all panels, years 1-1000 are the annual and ensemble average; years 1000-10,000 are a 100 year running mean of one simulation for each forcing level.
content [Lowe and Gregory, 2006] . This explains why the maximum warming can be sustained in the tropical subsurface ocean without destabilizing the water column [Yin et al., 2011] . Figures 2e-2h show the time evolution of global ocean warming with depth. While the higher forced scenarios take longer to equilibrate, they are more efficient in transporting the anomaly into the deep ocean. However, in taking the average subsurface maximum versus deep ocean temperature as an indicator of homogeneity, we find that the vertical gradient does not evolve linearly with the forcing level: The subsurface maximum warming is a factor of 3.3, 5, 7, 4.3, 1.9, and 1.2 greater than the deep ocean warming for the scenarios of 1.07, 1.4, 2, 4, 8, and 16xCO 2 . On century time scales, for very low forced scenarios, even negative deep ocean temperature trends are possible (Figure 2e, blue lines) . This is consistent with slightly decreasing trends in recent decadal observations [Wunsch and Heimbach, 2014; Llovel et al., 2014; Liang et al., 2015] . Locally, slightly negative and positive trends can occur after the upper 2000 m are fully equilibrated. Figure 3 further explains the time evolution of the different forcing scenarios. All panels share the same color coding (ranging from 1.07 in yellow to 16xCO 2 in blue) and logarithmic time axis. The global average surface air temperature anomaly (Figure 3a ) scales only roughly with the forcing level (i.e., the equilibrium climate sensitivity for higher forcings is less than expected from linearly scaling up lower forcing levels). Figure 3b shows the global average ocean temperature anomaly with the global value as solid and the uppermost kilometer evolution as dashed lines. In some scenarios, the deep ocean reaches its equilibrium value at almost the same time scale as the upper ocean (4xCO 2 ), while for other scenarios it takes several thousand years longer (8xCO 2 ), dependent on stratification, overturning, and mixing response. Figure 3c depicts the sea level rise due to ocean thermal expansion and salinity changes, calculated from the global detrended in situ density anomaly, volume, control run reference density, and surface area. The gray dashed lines show the sea level rise due to thermal expansion only, assuming a constant salinity pattern. While locally, the salinity changes are important to set the dynamics and sea level change, globally, they are negligible. In equilibrium, the deep ocean (below 1 km) accounts for 64, 55, 60, 67, and 72% of the total thermal expansion for the 1.07, 1.4, 2, 4, and 16xCO 2 forcing, respectively. This compares well with the 60% contribution of the deep (below 1.5 km) ocean of the general circulation model of Li et al. [2013] .
The patterns of ocean heat uptake and redistribution, as well as changes in the patterns of salinity depend on circulation changes, thus on surface temperature anomaly and the forcing level. The Atlantic Meridional Overturning Circulation (AMOC, Figure 3d ), here defined as the maximum in the stream function at 30 ∘ N, initially declines, as expected, more with a higher forcing level [Manabe and Stouffer, 1994; Gregory et al., 2005; Zhu et al., 2014] . However, both the recovery level and recovery rate vary with the forcing level and some scenarios recover to a greater degree than others. While almost all GCMs and EMICs show a reduction of the AMOC with increased radiative forcing, the time and strength of the recovery differs strongly between them [Stouffer and Manabe, 2003; Li et al., 2013; Zickfeld et al., 2013] . The recovery or increased instability can be caused by a surface salt advection feedback [Latif et al., 2000; Bryan et al., 2013] or increased bottom water temperatures due to slower Antarctic Bottom Water Formation (AABWF) [Manabe and Stouffer, 1994; Stouffer and Manabe, 2003] . Since the stronger the AMOC declines, the more heat can be taken up by the deep North Atlantic [Rugenstein et al., 2013] , the very strong reduction and slow recovery in the higher forced cases likely causes the more vertically homogeneous equilibrium temperature anomaly (Figure 2 ). Figures 3e and 3f show the time evolution the AABWF strength-defined as maximum overturning at 70 ∘ S-and the sea ice volume-depicted as fraction of the control run value. The AABWF reduces in all cases, but does not scale linearly with the radiative forcing. The time of minimum AABWF, the recovery or overshooting amplitude, and rate of recovery vary several thousand years between the different forcing cases. The reason for the recovery is not well understood and attributable to either the long-term warming or the salinization of the deep ocean, destabilizing the water column from below [Manabe and Stouffer, 1994; Bi et al., 2001] , or strong enough convective events triggered by changed seasonality [Yamamoto et al., 2015] . The higher forced levels, which show relatively more deep ocean warming (Figure 2 ), indeed recover and overshoot. The Southern Ocean sea ice reduces in all cases roughly proportional to the forcing level until year 20, before the rate of change as well as the equilibrium level becomes forcing level dependent.
Finally,

Thermal Expansion
We now explore the consequences of the inhomogeneous and forcing dependent warming pattern on the sea level rise due to thermal expansion. Previous studies used the equilibrium surface temperature anomaly as dependent variable and found an approximately linear relation to the thermal expansion [Knutti and Stocker, 2000; Meehl et al., 2007; Levermann et al., 2013] , but the evidence for this is mostly based on intermediate complexity, 2.5-D or single basin models. However, there is no physical reason why this should be the case, and Pardaens et al. [2011] and Körper et al. [2013] find indeed, but do not explain, nonlinearities for transient states at the end of the century for several GCMs. We discuss three mechanisms which impact the relationship between the thermal expansion and surface temperature anomaly (Figure 4 ). [2000] pointed out that thermal expansion is 0.5 m higher with a shutdown AMOC compared to a state of the same forcing and recovered AMOC or North Pacific overturning. We reproduce this result in ECBILT-CLIO through a fresh water perturbation in the North Atlantic and the sea level rise due to the AMOC collapse-without any radiative forcing-is 0.3 m.
Knutti and Stocker
To fill up gaps between simulations shown above and to explore higher warming levels, we show 18 additional simulations (depicted by dots in Figure 4) . The lowest forcing is 1.15xCO 2 (dots farthest left), increasing in steps of 2 0.2 up to 2 4.4 = 21xCO 2 (dots on the far right). The surface temperature sensitivity even becomes lower at high CO 2 values, so 21xCO 2 should not be interpreted at face value. The time dimension is depicted in colors, showing five decadal to millennia time slices. Figures 4a and 4b show that the total ocean heat uptake (which dominates the Top of the Atmosphere (TOA) radiative imbalance), is linearly related to the surface air temperature anomaly at all times, but does not translate into a linear relationship between the ocean and surface air temperature anomalies on centennial to millennial time scales. For one unit of surface warming the ocean warms more through time (equilibration, curves moving up) and higher forcing levels (circulation changes, curves bend up, see also Figures 2 and 3) . Figure 4c brings the equation of state into play: The sea level rise due to thermal expansion is linearly related to the ocean temperature anomaly on decadal time scales (dark red line). If the equation of state were linear and the circulation was constant, the equilibrium values would lie on the black line, far away from the equilibrated model output (green line). To assess how much of this nonlinearity is due to the equation of state, we use the 3-D warming and salinity pattern after 50 years and linearly scale it up, mimicking 5K warming under the assumption of no circulation change. We then calculate the thermal expansion with the nonlinear equation of state (McDougall et al. [2003] , rho_mwif function, see also supporting information, gray dashed line). The green line is close to that estimate; i.e., the greatest part of the nonlinearity of the equilibrated situation is due to the fact that the equation of state is nonlinear. The remaining discrepancy between the gray and green line is due to the effect that for longer time scales and higher forcing levels more heat is transported from the surface layers to the deep ocean. Figure 4d brings all effects together, showing that thermal expansion from centennial time scales onward-increasingly with higher forcing levels-is nonlinearly related to the surface temperature anomaly. The dashed gray lines show again two artificially constructed cases to assess the impact of the nonlinear equation of state without circulation changes (explained in the supporting information). In summary, thermal expansion is approximately proportional to the atmospheric warming on time scales of a century and for small forcings, but on long time scales or for stronger forcings the linearity assumption is no longer valid. The reasons are that the globally integrated heat uptake itself is not proportional to surface warming and that the distribution of warming changes with changes in circulation and mixing, which in combination with the nonlinearity of the equation of states affects thermal expansion.
Implications for Paleo and Modern Studies
A common assumption in paleo-oceanography is that the temperature (anomaly) of the intermediate or deep ocean-indicated by, e.g., benthic foraminifera-represents a time averaged (sea) surface temperature (SST) record of the regions where deep waters formed [e.g., Savin, 1977; Huber, 1998; Zachos et al., 2001; Voigt et al., 2004; Cramer et al., 2009; Friedrich et al., 2012] or the SST anomalies represent deep ocean temperature anomalies [Jaccard et al., 2014] . Modeling studies found that the deep water temperature anomaly was the same as the southern high latitude SST anomaly [Manabe and Bryan, 1985] or that it resembles the SST anomaly of low latitude [Stouffer and Manabe, 2003] . We find that the anomalous heat uptake by the intermediate and deep ocean does not correspond to the atmospheric temperature increase at low or high latitudes. This implies that, without knowledge of forcing and circulation history, the interpretation of ocean temperature proxies beyond their region may be more problematic than currently appreciated. Another long-term implication of our finding concerns climate sensitivity. Figure 3a indicates that the effective climate sensitivity in the model increases with increased temperatures for all simulations (see more elaborate argument in Knutti and Rugenstein [2015] ). This implies that potentially, ocean circulation can have a large effect on the TOA radiative imbalance even in the absence of a cloud feedback. A more general consequence concerns the marine carbon climate feedback and regions of melting sea ice, which both are likely influenced by the places of anomalous heat storage and thus, dependent on the forcing history [Randerson et al., 2015] . Finally, and also on shorter time scales, pattern scaling between scenarios might break down already at the end of this century or more likely in future centuries. We therefore cannot infer future or past equilibria from transient behavior or past transient behavior from equilibria. A detailed knowledge of the dependence of circulation responses to different forcing levels and scenarios is key to understand and compare not only transient but also equilibrium warming patterns.
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